Tungsten-rhenium thermocouple systems were evaluated for use in measuring temperatures between 1600 and 3000°C. Temperature-millivolt relationships were extended from 2300 to 3000°C for bare-wire \V3Re/W25Re and W5Re/W26Re thermocouples in vacuum. The performance of W26Re sheathed, high-fired beryllia-insulated thermocouples was limited only by the melting point of the beryllia insulation C-v2550°C). The thermoelectric output of high-fired thoria-insulated thermocouples sheathed in W26Re was determined and found to be reliable up to at least 2850°C, when corrected for electrical shunting through the insulation. Stability of high temperature thermocouples using thoria insulation was within ±0.3 mV (±40°C) when held at 242SoC for 148 h.
INTRODUCTION
A N increasing need for reliable high temperature sensors is being realized in the research and development programs of both the aerospace and nuclear industries. Thermocouples are one of the most widely used temperature sensors because of their relative simplicity of construction (not to be confused with insensitivity to manufacturing variables), capability for remote operation, and general availability.
It is desirable to be able to measure ceramic fuel temperatures under both steady state and transient operating conditions in the Southwest Experimental Fast Oxide Reactor (SEFOR). The data from these measurements will aid in the correlation and evaluation of reactor physics parameters. Target requirements of the fuel, and hence the temperature sensors, include a 1500 h lifetime under cyclic operating conditions up to 26oo°C in contact with (U,PU)02 fuel, and a maximum neutron dose of l.4X 102° nvt (fast). Based upon a survey of available sensing devices, it was concluded that tungsten-rhenium alloy thermocouples insulated with beryllia or thoria have the best prospect of meeting the requirements for SEFOR fuel temperature measurement.
1 To aid in the determination of adequate thermocouple systems for use in SEFOR, an out-of-pile and in-pile development and testing program was undertaken. The results obtained from the out-of-pile phase of the program are presented here and include: (1) extension of the calibration curve of bare wire W3Re/W25Re and W5Re/W26Re thermocouples to 3000°C in vacuum, (2) evaluation of berylliaand thoria-insulated thermocouple systems up to 2550 and 2850°C, respectively, and (3) investigation of the thermal stability of a thoria-insulated thermocouple system for 148 h at 2425°C. 
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PRIOR WORK
Tungsten-rhenium alloy thermocouples are the most widely used thermocouples for temperature measurements above 20OO°C, because of their excellent thermoelectric characteristics and high melting point (>3OO0°C). The temperature-millivolt relationships for these thermocouples have been established by the manufacturers to 2320°C for tungsten vs tungsten-26% rhenium (W /W26Re) and tungsten-5% rhenium vs tungsten-26% rhenium (W5Re/W26Re),2 and to 24oo°C for the tungsten-3% rhenium (alkaline-earth doped) vs tungsten-25% rhenium (W3Re/W25Re).3,4 Some data have been reported in the literature to over 30OO°C for W /W26Re 5 , 6 and to 2800°C for W3Re/W25Re.1 Tungsten-rhenium thermocouple stability has been demonstrated in the temperature range of 1200 to 1450°C for 1000 h,8 1400 to 1900°C for several hundred hours,9 and 2320°C for 240 h.lD Only the W3Re/ W25Re and W5Re/W26Re thermocouples were tested in the present investigation because of the improved initial low temperature ductility of the low-rhenium content legs compared to a pure tungsten thermoelement. Use of the W5Re alloy, however, has been reported to offer no ductility advantage when utilized above 2200°C. 5 The prime purpose of a ceramic insulator in a thermocouple system is to maintain separation between the thermoelements. Reliable thermocouple performance requires that consideration be given to the properties of the insulator in the temperature range of use and to the environment in which it is to be exposed.
Beryllia is the most widely used thermocouple insulator for high-temperature work at present, but its melting point (2SS0°C±2S0C) limits its usefulness at higher temperatures. Although molten beryllia no longer has the capability of keeping the thermoelements separated, a beryllia-insulated thermocouple has been observed to operate satisfactorily for a short period in this condition.ll Observations have been reported concerning the compatibility between beryllia and tungsten-rhenium alloys. One observer reports reaction between molten beryllia and W26Re,12 while another states that W IW26Re is compatible up to at least 2400°C.
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The use of thoria as an insulator appears attractive because of its high melting point (3300°C± 100°C) and its relatively good compatibility with most of the refractory metals.u Thoria, however, has been largely ignored as an insulator material because of reported discrepancies in its high temperature electrical resistance properties. 5 ,1O,15,16 There is also concern of self-heating and degradation of thoria in a nuclear environment. 17 ,18 A sheath or protection tubing is generally incorporated around the insulator and thermoelements to protect these components from the environment. Tungsten-26% rhenium tubing has been used primarily in this investigation because of its high melting point (3120°C) and improved ductility properties over pure tungsten.
EXPERIMENTAL PROCEDURE
Thermocouple calibrations were made in an inductivelyheated vacuum furnace, Fig. l through the approximately 2S~mm long tungsten susceptor to accommodate the thermocouples. The hole size was reduced from 3.2 to 0.64 mm approximately 90% of the way through the susceptor, to serve as a black body sighting hole for optical temperature measurements. The LID ratio of this cavity was greater than S. The test thermocouple was inserted into the susceptor so that the thermocouple junction became the bottom of the black body hole. Corrections for the optical pyrometer, the quartz sighting window, and the prism were made by calibrating against a National Bureau of Standards calibration tungsten ribbon lamp. To prevent tungsten vaporization on the quartz window, a swinging metal shield, magnetically operated, was used to cover the window during nonmeasurement periods. The corrected temperature values observed from the optical pyrometer were correlated with the corresponding emf output generated from the thermocouples. A vacuum of approximately 10-5 Torr was maintained during all tests.
During the calibration of bare-wire thermocouples, great care was taken to insure that the self-supporting thermoelements were not touching each other or the sides of the susceptor. High purity alumina insulation provided support for the wires below the tungsten susceptor. The thermocouple wires were extended directly from the furnace to a potentiometer, without the use of compensating lead wire.
Thoria insulator shunting tests were performed in vac-uum in a tungsten resistance furnace. 2o The temperature characteristics of a 76 mm long hot zone were predetermined with calibrated, bare-wire W5Re/W26Re thermocouples. The thermoelectric outputs of these thermocouples were related to optical pyrometer readings on a tungsten plate at the bottom of the furnace. The thermoelectric outputs of the test thermocouples were then compared to true temperatures as determined by the optical pyrometer.
RESULTS AND DISCUSSION
Bare Wire Calibration
The successful utilization of a thermocouple system operating with electrical shunting at high temperatures requires an initial knowledge of the thermoelectric characteristics of the nonshunting thermocouple. Because of the limited data presently available for tungsten-rhenium thermocouples at temperatures above 2300--2400°C, additional values were measured to extend the calibration curves for W3Re/W25Re and W5Re/W26Re thermocouples to 3000°C. The data obtained showed good agreement within the range of the manufacturers' published
'" ". . Table I lists the accuracy of these equations, relative to the experimental data in various temperature ranges. Values derived from these equations between 1600-3000°C are tabulated in Table II and are compared with the manufacturers' data within their respective limits. The outputs agreed to within ± 1 % of the manufacturer's calibration data. The stability of beryllia-insulated thermocouples below the melting point of beryllia has also been demonstrated in other investigations. 5 • 1o
A W3Re/W25Re (0.25 mm wire diam) thermocouple with a 3.2 mm o.d. W26Re sheath, and insulated with 99.9% pure high-fired beryllia was tested to above the melting point of beryllia. Because of the possible detrimental effect impurities could cause at high temperatures, great care was taken in the fabrication of the thermocouple. The W26Re sheath was electropolished in a 2% ~aOH solution, and together with the thermoelements ultrasonically cleaned in acetone. Complete assembly of the thermocouple system was performed in a glove box under an argon atmosphere C",v100 ppm O2). A tungsten end plug was welded onto one end of the sheath. The insulator and junctioned thermoelements were placed into the sheath and the system was closed by a vacuum sealant at the low temperature end.
The thermocouple was immersed 76 mm in the hot zone of the furnace and showed good stability and agreement with the bare-wire calibration data up to 2550°C. A sudden decrease in emf at this point was observed. On disassembly of the system, the beryllia was observed to have melted. The thermoelements had maintained their integrity, but showed a change in appearance, i.e., one leg had a grainy structure while the other appeared polished. Identity of the thermoelements was not determined. The beryllia appeared to have melted and adhered to the thermocouple wires.
It is concluded that the most serious problem encountered after the beryllia melts is that the thermoelements are no longer supported and can create secondary junctions between themselves and/or the sheath. This, in turn, causes erroneous thermoelectric outputs that are not necessarily corrected upon resolidification of the beryllia (the thermoelements may remain in the displaced position). Pustell has observed that a W /W26Re thermocouple system exposed for 20 min in molten beryllia showed no deviation from the standard calibration curve.l1 This indicates that molten beryllia maintains its insulating properties and that the thermocouple wires, in his test, did not reposition. This also suggests either compatibility between the molten beryllia and the W-Re alloys, or that reactions in the above time period do not cause error in the thermocouple output. Deleterious effects due to the hexagonal-to-cubic phase inversion of beryllia at 2050°C21,22 have not been detected. Although some cracking and spalling may occur, the beryllia retains integrity for wireto-wire separation. It is thus apparent that beryllia-insu-. lated, tungsten-rhenium theromcouples operate reliably (no shunting effects) up to the melting point of the beryllia insulation.
Thoria-Insulated Thermocouples
The high melting point of thoria makes it an attractive insulator material. However, uncertainties in its high temperature electrical properties necessitated further evaluation. Two 3.2 mm o.d. W26Re sheathed, W3Re/W25Re (0.25 mm diam wire) thermocouples were fabricated, utilizing 99 and 99.9% pure vitrified thoria insulation. The bore diameter of the two bore insulator beads was 0.64 mm. Fabrication procedures were similar to that described for the beryllia-insulated thermocouple. In addition, the thoria insulation was outgassed for 2 h at 1700°C in a hydrogen furnace prior to its use. The thermocouples were tested to 2850°C in the tungsten resistance furnace at immersion depths of 25 and 76 mm. Results of the tests are illustrated in Fig. 4 . The data show that, for the thermocouple system tested, performance was reproducible and insensitive to the thoria purities and immersion depths tested. Shunting effects appeared to start at 2300°C and continued up to 8% at 2850°C. The thermocouples were cycled from 1300 to 2850°C two to three times and exhibited good stability in all cases. A plot of emf vs temperature for the thoria-insulated thermocouples, Fig. 5 , illustrates the decreased but reproducible thermoelectric output relative to an uninsulated thermocouple. As indicated from this plot, a calibration curve may be generated for this type of thermocouple system up to at least 3000°C when operated in a 25 to 76 mm hot zone with a steep thermal gradient at the lead out.
To further evaluate the thoria shunting effects, thoriainsulated thermocouples of various designs were obtained from commercial vendors and calibrated. Two 1.0 mm o.d. tantalum sheathed, swaged thoria-insulated, WjW26Re thermocouples were calibrated to 2000°C. One of the thermocouples showed no signs of shunting at 2000°C, while the other indicated up to 3% shunting at the same temperature. This difference was probably due to differing as-fabricated swage densities in the hot zone. A 1.6 mm
W25Re thermocouple agreed within ±2% of the calibration data up to 2200°C.
The discrepancies reported on the shunting effects of tho ria-insulated thermocouples appears to be very dependent on the systems design. Other investigators have also observed large shunting effects in swaged thoriainsulated thermocouples. 1O ,15 Hall and Spooner,6 on the other hand, have reported no shunting effects up to 2100°C for a W jW26Re thermocouple insulated with high-fired thoria, also in agreement with the data of this work.
The available experimental data indicate that the type and degree of contact between the thermoelements and the insulator greatly affect the thermocouple output. Swaged thermocouple designs with complete surface contact between the insulator and the wire results in larger shunting. Vitrified insulator beads permit the use of large- diameter holes in the insulator relative to the diameter of the thermocouple wire. This results in reducing the contact area to a point or line contact between the insulator and thermo element. The larger diameter insulator holes also allows a sine-shaped wiggle to be placed along the wire, to reduce differential expansion problems.
Theoretical analysis of insulator shunting has been reported by Tallman 23 and Popper,24 but the results are somewhat limited at present because of the lack of adequate materials properties and contact resistance data. These analyses, however, do indicate a large effect of wire-insulator contact, immersion depth, and temperature gradient on the shunting characteristics of a thermocouple system.
Thermocouple Drift Test
Reliable use of thermocouple systems at high temperatures also requires a knowledge of the time-temperature 23 C. R. Tallman, "Analytical Model for Study of Thermocouple Error Attributed to Electrical Conduction in Insulation," LA-DC-7055, presented at Twentieth Annual Conference and Exhibit Instrument Society of America (4-7 Oct. 1965 Techniques have been developed for conducting shock tube experiments on mixtures of fine solid particles and gases. Particles with diameters of 1 IJ. and smaller are prepared by grinding in a dry atmosphere. The powdered material is injected into the shock tube test section by opening a valve connecting the evacuated shock tube with a tank containing gas into which the powder has been previously suspended by a pressurized injection. The axial distribution of powder in the shock tube has been measured both by determining the weight of powder which has settled out on small stainless steel slides placed in the shock tube and by observing the optical absorption from a long-life reaction product of the shock-heated powder-gas mixture as the mixture sweeps by an observation port. Typical operating results are presented, including particle size distribution of a solid material after grinding, powder distribution along the shock tube axis after injection, and oscilloscope records of absorption at 2536 A by the CF2 formed from Teflon decomposition behind the incident shock wave.
INTRODUCTION
THE techniques used in the shock tube testing of gases and gas mixtures are reasonably well understood and widely used. However, only a limited number of shock tube laboratories have been involved in tests requiring the introduction of solid particles into the test section. It is the purpose here to describe a technique which is being used successfully in this Laboratory in tests designed to measure the optical transmission properties of air-powder mixtures at equilibrium after the powders have vaporized and reacted with other gases behind the shock front.
The present article reviews the main aspects of the technology involved in the preparation of powders and the injection of mixtures of powders and gases into the test section. Only a brief discussion of the theoretical aspects of the particle burnup behind the shock front is given here since this is treated in detail elsewhere.l Except for the injection and presence of the dispersed solid particles in the test section, the operation of the powder injection shock tube is the same as the usual shock tube such as those used for equilibrium thermal radiation measurements, etc.
PARTICLE PREPARATION
The problems associated with satisfactory preparation of the desired particle species are mainly those of attaining sufficiently small sizes to achieve (a) low settling rates, i.e., minutes, and (b) rapid vaporization and burnup rates. Associated with these are the obvious requirements involved with handling (and purity) of the powder and adequate dispersion throughout the test gas in the shock tube.
The combined requirements of low settling rate and rapid burnup dictate micron and submicron size particles. The settling velocity is governed by the classical Stokes formula 2 for the velocity of fall of a sphere of diameter d in a viscous gas, namely
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